3+ centers (the ground state 6 S 5/2 ) in ferroelec tric lead germanate was studied in [1] [2] [3] . As a result, it was concluded that these centers are associated with individual trivalent iron ions localized in the position Pb7 (in the notation of [4] ) of the ferroelectric phase Pb 5 Ge 3 O 11 . The local symmetry of the center increases in the paraelectric phase: C 3 C 3h . It was found in [5] that annealing of the above crystals in chlorine containing atmosphere leads to the appear ance of several Fe 3+ -Cl -dimer complexes with tri clinic symmetry, so that the chlorine ions are situated in the interstices of the channel (Fig. 1) formed by the Pb triangles and running along the C 3 axis [4, 6] . This work is devoted to studying the mechanisms of the for mation of defects under doping of lead germanate by various halogen ions.
Electron paramagnetic resonance (EPR) of trig onal Fe
3+ centers (the ground state 6 S 5/2 ) in ferroelec tric lead germanate was studied in [1] [2] [3] . As a result, it was concluded that these centers are associated with individual trivalent iron ions localized in the position Pb7 (in the notation of [4] ) of the ferroelectric phase Pb 5 Ge 3 O 11 . The local symmetry of the center increases in the paraelectric phase: C 3 C 3h . It was found in [5] that annealing of the above crystals in chlorine containing atmosphere leads to the appear ance of several Fe 3+ -Cl -dimer complexes with tri clinic symmetry, so that the chlorine ions are situated in the interstices of the channel ( Fig. 1) formed by the Pb triangles and running along the C 3 axis [4, 6] . This work is devoted to studying the mechanisms of the for mation of defects under doping of lead germanate by various halogen ions.
2.
The measurements were performed on poly and single domain samples of Pb 5 Ge 3 O 11 single crystals grown with the use of the Czochralski method from the charge produced by solid phase synthesis and doped with 0.01-0.2 mol % Fe. The second order fer roelectric transition P3( ) ( ) in pure lead germanate occurs at a temperature of 450 K [7] ; its crystalline structure at room temperature and at 473 K was found in [4, 6] by neutron diffraction. To dope the crystals by halogen ions the samples were annealed at 800 K in the corresponding atmosphere for two hours. To prepare the chlorine , bromine , and fluorine con taining atmospheres in an open bulb we used ZnCl 2 , CsBr, and polytetrafluoroethylene (teflon), respec tively. The samples were made single domain by cool ing them down from 450 K in an electric field of 150 V/mm. The measurements were carried out on a
Bruker EMX Plus X band EPR spectrometer in the temperature range of 100-500 K.
3. The EPR spectra in the region of the high field transition 5 6 (or 1/2 3/2, see Fig. 1 in [5] ) of the Fe 3+ trigonal center in the initial and annealed Pb 5 Ge 3 O 11 samples at room temperature in the mag netic field B || C 3 are shown in Fig. 2 . Annealing in the presence of zinc chloride (spectrum b in Fig. 2 ) leads to a considerable increase in the intensity of three sat ellites (marked by vertical arrows). In [5] , these satel lites were attributed to the transitions of Fe 3+ -Cldimer complexes. It should be mentioned that the number of nonequivalent Fe 3+ -Cl -centers is actually more than 3, as indicated, e.g., by an increase in the line width of the trigonal complex, but we did not manage to resolve all of them. The presence of these centers in the initial crystal is caused by a small chlo ride contamination of germanium dioxide used in the charge synthesis.
The temperature behavior of the positions of the signals in spectrum b (Fig. 2) is shown in Fig. 3 . It proved impossible to measure the temperature depen dence for two satellites in the entire range owing to their overlap and strong (almost an order of magni tude) broadening at high temperatures. The bend in the temperature dependences near 435 K is caused by the ferroelectric transition, whose temperature is somewhat lower than 450 K owing to the presence of impurities in the crystal.
In addition to the results of [5] , we measured the angular dependences of the positions of the satellites near the low field transition 5 6 (or 1/2 -1/2, see Fig. 1 in [5] ) in the ZX and ZY planes. The follow ing reference frame was used: Z || C 3 , the X axis is orthogonal to the side facet of the hexagonal prismatic 
where g is the g tensor, β is the Bohr magneton, B is the magnetic field induction, S is the operator of the elec tron spin, b nm and c nm are fine structure parameters, and O nm and Ω nm are the cosine and sine Stevens spin oper ators. It was found by optimizing the parameters of Hamiltonian (1) with the use of a more extensive exper imental data, as compared to [5] , that the orientation behavior of the spectra of three Fe
3+
-Cl -complexes can be described to the same accuracy without the use of the fourth rank fine structure tensor ( Table 1) .
The quantity b 22max given in Table 1 determines the amplitude of the azimuthal angular dependence of the position of the transitions in B ⊥ C 3 being the maxi mum value of the parameter b 22 under rotation of the reference frame about the Z axis; at this point, the parameter c 22 vanishes. Inclusion of the parameter [5] ) makes impossible the attribution of the observed spectra to the complexes with the charge compensating effect in certain channels of the structure.
As a result of annealing the Pb 5 Ge 3 O 11 : Fe 3+ crys tals in the bromine containing atmosphere, there appear new satellites of comparable intensity (marked by arrows in Fig. 2, spectrum c) . Like the signals of Fe 3+ -Cl -complexes, these satellites split into three components under the deviation of the magnetic field from B || C 3 . It reasonable to attribute these satellites to the transitions of three dimer triclinic Fe Tables 1-3. plexes, in which the bromine ions are situated in the channels and the paramagnetic ion is in the position Pb7. The values of the second rank axial parameters of the zero field splitting of these complexes and their difference from b 20 of the trigonal center are listed in Table 2 . Higher values of Δb 20 than those found for the Fe 3+ -Cl -complexes are caused by a noticeable increase in the effective ionic radius of the charge compensating halogen.
After annealing lead germanate in the presence of teflon, there appear several signals near the transition of the trigonal Fe 3+ center (Fig. 2, spectrum d) ; the positions of two of them almost coincide at room tem perature (Fig. 4) . Satellite 2 in spectrum b and satellite 1 in spectrum d (Fig. 2) appear in nearly the same field but the temperature measurements (Figs. 3 and 4) indicate that these signals belong to different para magnetic complexes. Like in the case of Fe 3+ -Cl -centers, the temperature of the structural transition decreases (Fig. 4) and all EPR signals exhibit strong broadening with an increase in temperature. It should be mentioned that the satellite marked by the tilted arrow and growing under annealing of the samples with teflon (Fig. 2) looses intensity considerably as a result of annealing with a low pressure of oxygen.
Naturally (owing to the charge impurity), weak sig nals of the Fe 3+ -Cl -complexes are seen in the spec trum of the bromine and fluorine doped samples. In addition, weak signals, whose intensity does not depend on the type of performed annealing, can be noticed for all crystals under investigation (e.g., in a field of 1436 mT). Most probably, these signals repre sent the transitions of iron centers with other mecha nisms of local charge compensation (e.g., association with a lead vacancy).
The spectra of intense complexes, whose transi tions in Fig. 2 , curve d are marked by vertical arrows, were studied in detail. Fragments of the azimuthal and polar angular dependences of the resonance positions of the transitions indicating the triclinic symmetry of these centers are shown in Figs. 5 and 6. The results of the optimization of the second rank fine structure parameters of Hamiltonian (1) (under the assumption of the isotropic g = 2.00) by minimizing the root mean square deviation of the calculated transition frequen cies from the experimental ones are presented in Table 3 . Large values of the root mean square devia tion and errors of the parameters b 21 and c 21 of the complex C(O) 3 are caused by the fact that the signals of this complex overlap with intense transitions of trig onal or other triclinic centers for significant part of orientations (Figs. 5 and 6 ).
Similar to the complexes Fe

3+
-Cl -and Fe
Br -, the spectra that appear under annealing in the flu orine atmosphere could be attributed to the dimer centers Fe 3+ -F -. However, Bush and Venevtsev [9] concluded from their X ray diffraction and spectro scopic investigations of lead germanate crystals grown with a fluorine impurity that F -ions substitute O 2- with the formation of the required number lead defects. In the case of doping the samples by fluorine from the gas phase, the substituted oxygen ions most probably fall into empty channels of the structure and become partly associated with trivalent iron ions. The existence of oxygen ions even in the channels of pure lead germanate is permitted in [10] .
In fact, Gd 3+ complexes with a large zero field splitting and the principal magnetic axis perpendicular to C 3 were discovered in gadolinium doped lead ger manate annealed in the fluorine containing atmo sphere and attributed to the dimer Gd 3+ -F -centers with the fluorine ions in the position of one of the nearest O 2-ions [11] . The Gd
-O 2-complexes in the same crystals with the oxygen ions localized in the channel interstices were studied in [12] . The specific feature of their EPR spectra is a considerable increase in intensity after annealing the samples grown at a low pressure of oxygen in air [12] . In our opinion, there are no grounds to assume that the presence of trivalent iron or gadolinium ions in lead germanate affects noticeably on the character of defect formation under doping by halogens.
Another argument in favor of the hypothesis that annealing of Pb 5 Ge 3 O 11 with fluorine leads to the appearance of other defects than annealing in chlorine or bromine containing atmosphere is the effect of the above annealings on the EPR spectra of bivalent cop per. The presence of copper and manganese in the lead germanate samples is caused by impurity of lead oxide used in the synthesis. Figure 7 presents the fragment of the EPR spectra with weak signals of triclinic Cu 2+ complexes [13, 14] and a trigonal Mn 2+ center [15] in the low field wing of the intense transition of Fe 3+ . The nonequidistance of four low field components (two high field ones are buried behind the intense sig nal of Fe 3+ ) of the hyperfine structure of the transition 1/2 -1/2 of Mn 2+ are caused by a close crossing of the electron levels -1/2 and 3/2 [15] . As is seen in Fig. 7 , annealing of the crystal with zinc chloride or cesium bromide leads to the appearance or a strong increase in the intensity of the signal of Cu 2+ , whereas annealing with teflon makes no effect.
Based on the above results, it can be concluded that the triclinic complexes
, whose oxygen ions are situated in the interstitial channels of the structure and the Fe 3+ ion is localized in the position Pb7. The latter statement is based on the closeness of the diagonal fine structure parameters of the trigonal and triclinic centers.
The temperature behavior of the resonance position B res (T) of the transition 5 6 (1/2 3/2) of the trigonal center Fe 3+ (Figs. 3 and 4) in the paraelectric phase in B || C 3 is caused by the linear dependence of the zero field splitting parameter b 20 on temperature. The mechanisms of this dependence are thermal expansion of the crystal and the spin-phonon interac tion [16] , which most probably weakly change under the second order phase transition. The positions of the transitions of the triclinic complexes Fe 3+ at B || C 3 also contain weak contributions quadratic in the parame ters b 22 , c 22 , b 21 , and c 21 , which can be neglected.
In the ferroelectric phase, there appears the contri bution Δb 20 (P) to b 20 associated with spontaneous polarization. Expanding Δb 20 (P) in powers of P we find for the paramagnetic center, which has the symmetry plane σ h ⊥ C 3 in the paraelectric phase,
The nonlinearity of temperature dependence of B res (T) and, consequently, of b 20 (T) of the trigonal center in the ferroelectric phase is due to a consider able value of the second term in Eq. (2) and to the deviation of the behavior of the order parameter in lead germanate [17, 18] from the dependence (3) (T 0 is the temperature of the structural transition) typ ical for second order phase transitions. For the cen ters, which do not have the symmetry plane σ h ⊥ C 3 in the paraelectric phase, the contribution Δb 20 (P) includes both odd and even powers of P; consequently, these complexes should exhibit dissimilar behavior of B res (T). In this case, there exist two nonequivalent centers (opposite signs of the odd powers of P) in the ferroelectric phase, whose spectra coincide in the paraelectric phase at B || C 3 . If the compensating ion can move along the channel, the intensities of these spectra in the ferroelectric phase can differ consi derably.
Taking into account the aforesaid, the triclinic complexes C(Cl) 1, C(Cl) 3, C(O) 1, and C(O) 3, which exhibit the temperature behavior similar to that of the trigonal center, should be attributed to nearly Table 3 . Parameters of the spin Hamiltonian of the triclinic complexes of Fe 3+ in lead germanate annealed in the fluo rine containing atmosphere (T = 170 K, the standard devi ation S and all the parameters are given in megahertz, n is the number of experimental fields included in the fit, and Δb 20 is the difference between the parameters b 20 of the tri clinic and trigonal centers) The values of the intrinsic parameters ( (R 0 ) and t) for the Fe 3+ ion in the Cl or Br surrounding are unavail able in literature. The parameter (R 0 ) in a number of studied oxide and fluoride compounds is negative and the exponent is t ≈ 8 [19] . Using the structural data for lead germanate in the para and ferroelectric phase [4, 6] and the corresponding values of b 20 of the trigonal Fe 3+ center we found the following intrinsic parameters of the model for six fold oxygen surrounding: (R 0 ) ≈ -2.34 cm -1 , t ≈ 9, R 0 = 2.101 Å. Assuming that the sign of (R 0 ) in chlorides and bromides is also negative, we come to the conclusion that the maximum positive value of Δb 20 is exhibited by the paramagnetic complex with the compensator situated in the symmetry plane of the paraelectric phase. In the case of the C(Cl) 1 center, this conclusion contradicts with the previous one based on comparison of b 22max values.
It should be mentioned that all the above data on the localization of charge compensating anions imply the dominance of the direct interaction of the para magnetic ion with the compensating defect and neglect interaction with the nearest neighborhood relaxed owing to the emergence of this defect. On the other hand, it is obvious that the properties of the
paramagnetic center, including the symmetry proper ties, are largely determined by the nearest ligands. The inclusion of the lattice relaxation owing to both para magnetic and charge compensating defects will be the subject of the future work.
